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Abstract

The densities of 0.00858-6.0141 mol•kg−1 NaCl solutions were de-
termined between 253 and 293 K with a capillary-tube densitometer.
Among the data were the first density determinations of supercooled
NaCl solutions. The greatest inaccuracy of the measured densities
for the entire data set was 200 µg•cm−3. Our densities were close to
those calculated with the equation of state for the NaCl-H2O system
of Archer. Apparent molal volumes of NaCl (aq) were calculated and
fitted to the Pitzer equations yielding estimated apparent molal vol-
umes at infinite dilution and Pitzer volumetric parameters to 258 K.
The values of these parameters from 273 to 298 K were in good agree-
ment with the data of Rogers and Pitzer. From our experimental data
we were able to calculate densities of very dilute to saturated sodium
chloride solutions at temperatures down to 258 K.

1 Introduction

Electrolyte solutions below 273 K were found routinely at pressure extremes–
for example, due to loading in glaciers or due to capillarity in frozen ground.
The molar volumes of the solutions were needed to calculate the effect of
pressure on geochemical equilibria in these systems. Unfortunately, precise
volumetric data for electrolyte solutions at temperatures below 273 K were
very sparse. We measured experimentally the densities of NaCl solutions to
253 K to address this gap in the published literature.

2 Materials and methods

The densities of NaCl solutions were determined by measuring the solu-
tion lengths in 30-cm-long 0.5-mm-inside-diameter capillaries fashioned from
Pyrex glass. We fabricated an apparatus that enabled us to make precise
measurements of the temperature-dependent volume changes of solutions in
these capillaries. The apparatus consisted of a grooved brass cold stage em-
bedded in an insulated box. The top of the insulated box was equipped with
a viewing port for determining the lengths of the solutions in the capillaries.

∗Corresponding author
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The temperature of the brass cold stage was controlled by heat transfer fluid
circulating continuously from a Neslab constant temperature bath.

Electrolyte solutions with molalities that ranged from 0.00858 to 6.0141
mol•kg−1 were prepared using A.C.S. certified crystalline NaCl and de-aerated
double-deionized water. We filled a capillary by drawing up solution through
an open end. This end was then sealed after assuring that no air bubbles
were present. An approximately 6-cm-long column of air was left at the other
end of the capillary to allow for solution volume changes. This end was then
sealed also. The capillary was then placed in the groove in the cold-stage
block and covered with a 6.4-mm- (1/4-inch-) thick plate glass. A schematic
drawing of the apparatus was presented in Figure 1.

Solution densities were calculated by:

ρTf
=

ρTr

(1 + α∆T )2
× (lTr −∆lTr)

(1 + α∆T )lTr −∆lTf

(1)

where ρTf
and ρTr were the solution densities (g•cm−3) at the observational

temperature Tf (K) and at the reference temperature Tr (K), respectively;
lTr (cm) was the length of the capillary at reference temperature; ∆lTr and
∆lTf

(cm) were the lengths of unfilled space of the capillary at reference and
observational temperatures; and α was the coefficient of thermal expansion
for Pyrex glass (K−1). We used the standard molal volume and Pitzer vol-
umetric parameters from Krumgalz et al. to calculate 298.15 K reference
densities of NaCl solutions at measured molalities.[7]

To test the accuracy of the device, the lengths of the unfilled spaces above
de-aerated double-deionized water were measured at 263, 268, 273, 277, 278,
283, 288, 293, and 303 K. Densities were calculated using 298.15 K and
0.99705 g•cm−3 as the reference density. We compared our measured densi-
ties isobaric densities calculated by the formulation of Wagner and Pruß.[9]

The maximum absolute difference between measured and calculated densities
was 390 µg•cm−3. The average difference was 20 µg•cm−3.

The lengths of the unfilled spaces above NaCl solutions were measured
at 293, 288, 283, 278, 273, 268, 263, 258, and 253 K with a long working-
distance microscope equipped with a linear micrometer. The accuracy of
these measurements was ±0.5 µm. Temperature was measured at 4, 15,
and 26 cm along the length of the capillary with standard platinum resis-
tance thermometers (SPRTs). The SPRTs had NIST-traceable calibrations
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with estimated accuracies of ±25 mK. The maximum temperature gradient
measured over the length of the capillary (30 mK) was observed at 253 K.

In Figure 2, we showed our experimental data points (molality versus

temperature) plotted on the NaCl-H2O phase stability diagram.[4] The mea-
sured densities were presented in Table 1. The densities of representative
dilute solutions as functions of temperature were presented in Figure 3. As
should be expected, the dilute solutions showed density maxima near 277
K, the density maximum of the solvent. A comparison between measured
and calculated densities, presented in Figure 4, illustrated that the accura-
cies of our measurements were better than ±200 µg•cm−3, though it should
be noted that neither of the studies used for this comparison relied on any
density measurements below 273 K.[2],[8]

3 Evaluation of apparent molal volumes at

infinite dilution and Pitzer volumetric pa-

rameters

From these density data we estimated the apparent molal volumes at infinite
dilution and Pitzer-equation volumetric parameters of the sodium chloride
solutions. The solution density ρ at molality m was related to the solute
apparent molal volume φV (cm3•mol−1) through the formula

ρ =
1000 + mM

1000/ρ◦H2O + mφV
(2)

where m was the molality of the solution (mol•kg−1); M was the molecular
mass of the solute (g•mol−1); and ρ◦H2O (g•cm−3) was the density of pure
water. Water density was calculated with the model of Kell for temperatures
at or above 273 K and with the model of Hare and Sorensen for temperatures
below 273 K.[5],[6]

The Pitzer equations for apparent molal volume were used to extrapolate
apparent molal volumes at any specified temperature to infinite dilution.[8],[7]

The equation for a 1-1 electrolyte solution was

φV = V̄ ◦ +
AV

b
ln(1 + bI1/2

m ) + 2RT
[
mBV + m2CV

]
(3)
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where V̄ ◦ was the apparent molal volume at infinite dilution (cm3•mol−1);
R, molar gas constant (J•K•mol−1); and Im ionic strength (mol•kg−1). The
quantity b has been assigned a value of 1.2 kg1/2•mol−1/2. AV , the Debye-
Hückel law slope for apparent molal volume (cm3•kg1/2•mol−3/2), was calcu-

lated with the Archer-Wang model for the dielectric constant of water.[1] BV

was the ionic strength-dependent virial coefficient (kg•mol−1•Pa−1) defined
by

BV = β(0)V + β(1)V g(α1I
1/2
m ) (4)

with

g(x) =
2[1− (1 + x) exp(−x)]

x2
(5)

and

β(i)V =

(
∂β(i)

∂p

)
T

i = 0, 1 (6)

where β(0)V and β(1)V were Pitzer equation volumetric ion-interaction pa-
rameters (kg•mol−1•Pa−1) and p was pressure (Pa). The ion-interaction
parameter CV (kg2•mol−2•Pa−1) was defined by

CV =

(
∂C

∂p

)
T

=
1

2

(
∂Cφ

∂p

)
T

. (7)

The α1 parameter has been assigned value of 2 kg1/2•mol−1/2.
The parameters V̄ ◦, β(0)V , β(1)V , and CV were estimated by minimizing

the function
N∑
i

[(
φVi,exp − φVi

)
/wi

]2
(8)

where N was the number of apparent molal volume determinations at differ-
ent molalities and

wi =
∂φV

∂ρ
=

[
1

ρ2
i

(
1000

mi

+ M

)]
(9)

was the weight of the value of the apparent molal volume calculated from the
measured density at molality mi. The weight wi reflected the error in the ap-
parent molal volume of the solute at a given molality. This equation indicated
that the expected error increased with dilution. Minimization of equation (8)
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with data from dilute solutions yielded Pitzer-equation parameter estimates
that were inconsistent with those obtained from more concentrated solutions.
Accordingly, the parameters estimated from the nonlinear regression analy-
sis presented in Table 2 did not include data from the dilute solutions. The
dilute solutions whose densities were not included in the regression analy-
sis are identified in Table 1. The density data from dilute solutions were
presented here even though they were excluded from regression analysis in
consideration for researchers who wish to compare these data with molecular
dynamics calculations.

A comparison between values of apparent molal volumes at infinite dilu-
tion calculated from our data and those presented by Rogers and Pitzer was
presented in Figure 5 for temperatures from 273 to 298 K.[8] It should be
noted that equation (4) adopted in this study was more rigorous than the
corresponding equation adopted by Rogers and Pitzer, who equated BV with
β(0)V . The values of β(0)V + β(1)V g(α1I

1/2
m ) obtained in this study were in

good agreement with the values of β(0)V tabulated by Rogers and Pitzer for
273, 283, and 293 K.

4 Concluding remarks

The estimated Pitzer-equation parameters can be used to calculate the den-
sities of sodium chloride solutions over a wide range of molalities at temper-
atures down to 258 K as well as to estimate the pressure effect on the phase
equilibria in the NaCl-H2O system. Our results were consistent with those at
higher temperatures by Rogers and Pitzer[8] and the equation-of-state model
by Archer and Carter.[3] These results should reassure those who extrapolate
above 273 K solution-density measurements to temperatures below 273 K.
Our results indicated that actual measured values were close to the values
extrapolated with the volumetric Pitzer equations.

5 Acknowledgments

This work was supported by Radioactive Waste Management Program of the
Office of International Affairs, National Research Council, U.S. Army Engi-
neering & Development Center, work unit 61102/AT24/129/EE005, Chem-

6



istry of Frozen Ground, and the National Scientific Foundation project, As-
sessing the Risk and Dispersion Rate of Ionic Contaminants in Permafrost
Terrain (OPP-99-79685).

References

[1] Archer, D.A.; Wang, P. J. Phys. Chem. Ref. Data, 1990, 19, 971.

[2] Archer, D.A. J. Phys. Chem. Ref. Data, 1992, 21, 793.

[3] Archer, D.A.; Carter, R.W. J. Phys. Chem. B 2000, 104, 8563.

[4] Cohen-Adad, R.; Lorimer, J. Alkali metal and ammonium chlorides in
water and heavy water (binary systems), Solubility data series, Vol. 47,
Pergamon: Oxford, 1991; Chapter 2.

[5] Hare, D.E.; Sorensen, C.M. J. Chem. Phys. 1987, 87, 4840.

[6] Kell, G.S. J. Chem. Eng. Data 1967, 12, 66.

[7] Krumgalz, B.S.; Pogorelsky, R.; Iosilevskii, Ya.A.; Weiser, A.; Pitzer,
K.S. J. Sol. Chem. 1994, 23, 849.

[8] Rogers, P.S.Z.; Pitzer, K.S. J. Phys. Chem. Ref. Data 1982, 11, 15.

[9] Wagner, W.; Pruß, A. J. Phys. Chem. Ref. Data 200 [in review] .

7



∆ lTf

∆ lTr

Boitn-001

l

Figure 1: Schematic drawing of the Pyrex capillary and brass cold stage with
which the temperature-dependent volumes of NaCl solutions were measured.
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Figure 2: Equilibrium solution stability in the binary NaCl + H2O system.[4]

The temperatures and molalities at which data were collected for this study
are represented as circles (• = observations included in the regression anal-
ysis; © = observations excluded from the regression analysis.)
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Figure 3: Experimental density data for dilute NaCl solutions at three dilute
molalities presented as functions of temperature (© = 0.00858 mol•kg−1;
2 = 0.03430 mol•kg−1; 4 = 0.06907 mol•kg−1). All of the solutions below
273 K were supercooled.
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Figure 4: The difference between measured NaCl-solution densities and those
calculated by the models of Archer[2] (N) or of Rogers and Pitzer (©).[8]
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Figure 5: The apparent molal volumes at infinite dilution calculated from
our experimental data (circles) and from Rogers and Pitzer (line).[8]

12



T
ab

le
1:

D
en

si
ti
es

m
ea

su
re

d
at

se
le

ct
ed

m
ol

al
it
ie

s
an

d
te

m
p
er

at
u
re

s.

T
em

p
er

at
u
re

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

–
K

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

–
29

3
28

8
28

3
27

8
27

3
26

8
26

3
25

8
25

3
M

ol
al

it
y

D
en

si
ty

m
ol
•k

g−
1

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

–
g•

cm
−

3
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
–

0.
00

85
8

0.
99

86
4a

0.
99

95
4a

1.
00

01
6a

1.
00

04
0a

0.
99

98
0a

0.
99

92
3a

0.
99

80
9a

0.
01

71
7

0.
99

89
5a

0.
99

98
6a

1.
00

04
7a

1.
00

07
3a

1.
00

05
2a

0.
99

99
4a

0.
99

87
2a

0.
99

69
1a

0.
01

71
7

0.
99

91
2aa

0.
99

99
6a

1.
00

06
1a

1.
00

09
2a

1.
00

07
5a

1.
00

02
2a

0.
99

91
1a

0.
99

74
7a

0.
03

43
0.

99
97

6a
1.

00
06

9a
1.

00
13

3a
1.

00
16

5a
1.

00
14

9a
1.

00
09

7a
0.

99
99

0a

0.
03

43
0.

99
98

3a
1.

00
08

3a
1.

00
14

2a
1.

00
16

6a
1.

00
14

8a
1.

00
08

9a
0.

99
97

7a

0.
03

43
0.

99
97

4a
1.

00
06

7a
1.

00
13

1a
1.

00
16

2a
1.

00
15

0a
1.

00
09

5a
0.

99
99

2a
0.

99
81

2
a

0.
05

15
6

1.
00

03
4a

1.
00

12
2a

1.
00

18
1a

1.
00

20
8a

1.
00

19
7a

1.
00

13
4a

1.
00

03
3a

0.
05

15
6

1.
00

05
0a

1.
00

14
4a

1.
00

20
7a

1.
00

24
2a

1.
00

22
8a

1.
00

17
6a

0.
06

90
7

1.
00

11
6a

1.
00

21
2a

1.
00

28
1a

1.
00

31
1a

1.
00

29
8a

1.
00

24
7a

1.
00

14
0a

0.
06

90
7

1.
00

14
0a

1.
00

23
1a

1.
00

29
8a

1.
00

32
6a

1.
00

31
3a

1.
00

25
6a

1.
00

14
8a

0.
99

97
7a

0.
08

59
1.

00
17

8
1.

00
27

4
1.

00
33

7
1.

00
36

9
1.

00
36

2
1.

00
31

5a
1.

00
21

3a
1.

00
05

0a

0.
34

84
1.

01
26

4a
1.

01
37

0a
1.

01
45

7a
1.

01
51

5a
1.

01
53

6a
1.

01
52

0a
1.

01
44

5a
1.

01
33

4a
1.

01
15

6a

1.
48

71
1.

05
58

8
1.

05
74

7
1.

05
89

6
1.

06
03

0
1.

06
13

0
1.

06
22

1
1.

06
28

6
1.

06
32

0
1.

48
71

1.
05

58
8

1.
05

75
7

1.
05

90
4

1.
06

03
4

1.
06

14
4

1.
06

23
3

1.
06

29
5

1.
06

33
3

2.
33

04
1.

08
55

5
1.

08
74

6
1.

08
92

3
1.

09
08

7
1.

09
23

8
1.

09
37

4a
1.

09
50

1a

4.
01

06
1.

13
96

2
1.

14
19

2
1.

14
41

6
1.

14
63

1
1.

14
83

3
1.

15
03

7
1.

15
22

4
1.

15
51

0
1.

15
69

5a

5.
33

59
1.

17
83

3
1.

18
08

9
1.

18
34

1
1.

18
58

4
1.

18
81

9
1.

19
04

8
1.

19
28

1
1.

19
49

7
6.

01
41

1.
19

71
1

1.
19

96
9

1.
20

23
2

1.
20

47
6

1.
20

74
6

a
D

at
a

ex
cl

u
d
ed

fr
om

th
e

es
ti

m
at

io
n

of
P

it
ze

r-
eq

u
at

io
n

p
ar

am
et

er
s

p
re

se
n
te

d
in

T
ab

le
2

an
d

th
e

ap
p
ar

en
t

m
ol

al
vo

lu
m

es
at

in
fi
n
it

e
d
il
u
ti
on

p
re

se
n
te

d
in

F
ig

u
re

5.

13



T
ab

le
2:

A
p
p
ar

en
t

m
ol

al
vo

lu
m

es
of

N
aC

l
(a

q
)

at
in

fi
n
it

e
d
il
u
ti

on
an

d
P

it
ze

r
vo

lu
m

et
ri

c
p
ar

am
et

er
s

es
ti

m
at

ed
in

th
is

st
u
d
y.

T
V̄

0
β

(0
)V

β
(1

)V
C

V
N

σ
ρ

K
cm

3
•m

ol
−

1
k
g•

m
ol
−

1
•b

ar
−

1
k
g•

m
ol
−

1
•b

ar
−

1
k
g2
•m

ol
−

2
•b

ar
−

1
µ
g•

cm
−

3

29
8a

16
.6

2
1.

23
35

0.
43

54
3

-0
.0

65
78

0
29

3
16

.2
3

1.
47

02
0.

22
65

-0
.0

81
36

9
7

65
.5

28
8

15
.7

4
1.

64
85

0.
16

39
-0

.0
88

96
9

7
64

.0
28

3
15

.1
2

1.
88

94
0.

12
30

-0
.1

02
22

7
82

.4
27

8
14

.2
9

2.
26

23
0.

10
82

-0
.1

27
80

7
87

.5
27

3
13

.3
0

2.
74

23
0.

07
56

-0
.1

65
63

7
82

.5
26

8
11

.9
2

3.
46

11
0.

05
10

-0
.2

22
97

5
50

.0
26

3
10

.2
7

4.
35

08
0.

05
47

-0
.2

98
71

5
43

.6
25

8
9.

00
3.

98
61

0.
04

36
-0

.1
78

01
4

10
9.

a
R

ef
er

en
ce

va
lu

es
fr

om
[7

].

14


